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More details on each:
- MEL & PEL
* Power/Energy Modeling and Simulation
* Architecture and Requirements Development
» Science Traceability
« Electrical Interfaces and Harness Specification

Conclusion
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The Future of Engineering is Model-Based

Model-Based Systems Engineering
Is key to bringing about this
Digital Transformation

But that doesn’t mean it's easy
or obvious how!
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Introduction

Since ~2010
+ JPL’s Integrated Model Centric Engineering Initiative (IMCE) has led MBSE infusion at JPL
- IMCE has had active collaborations in several areas with the Europa Project

Many have been successful ...Others have not

But all have been valuable
learning experiences

We'll discuss examples
and lessons from each
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MBSE Applications on Europa Clipper

Mass Equipment List (MEL) » SysML/Magid Draw capture and rollup of component mass  2011-present
» Web-based reporting via OpenMBEE

Power Equipment List (PEL) * Add Power states/demands to MEL 2012-present
* Provide static description to time-based mission simulation
» Web-based reporting via OpenMBEE

Power/Energy Simulation » Multiple tools chained to provide repeatable power demand, 2013-present
energy production,& battery state of charge profiles

Architecture & Requirements * SysML/MD and View Editor (OpenMBEE) -based Partial capability 2014;

architecture and requirement development tools Retired unfinished 2019
Science Traceability and * Framework for tracing science measurement requirements 2016 - present
Alignment Framework (STAF) to project, spacecraft and science instrument requirements

» Excel-based

Electrical Systems Engineering  ° Eclipse/EMF-based authoring tool, git for CM, Leveraging 2019-present
open-source standards (OWL2-DL, SPARQL)

July 28 2021 This document has been reviewed and determined not to contain export controlled technical data 5



Table 1.2. Orbiter Flight System WBS-Based MEL

MEL and PEL: Mass and Power lists

Launch Mass
Number Mass State
of Units Mass Current | Mass Mass
Best Estimate | Contingency |CBE_+_Contingency
00 Orbiter Flight System 1 1344.89 1.32 1772.64

05 Orbiter Payload 1 2021 1.50 30.32

LA 1 10.15 1.50 15.23

LA 1 7.95 1.50 11.93
LA Sensor 1 3.25 1.50 4.88
LA Sensor Shielding | 1 470 1.50 7.05
LA Card 1 0.90 1.50 1.35
LA PCU Card 1 1.30 1.50 1.95
LP 1 274 1.50 4.1
LP Card-1 1 0.90 1.50 135
LP Card-2 1 0.90 1.50 1.35
LP-1 1 0.47 1.50 0.70
LP Sensor 1 0.47 1.50 0.70
LP Sensor Shielding | 1 0.00 1.50 0.00
LP-2 1 0.47 1.50 0.70
LP Sensor 1 0.47 1.50 0.70
LP Sensor Shielding | 1 0.00 1.50 0.00
MAG 1 3.32 1.50 4.98
MAG 1 242 1.50 363
MAG Sensor 1 242 1.50 363
ST CRsEEr 1 0.00 1.50 0.00
MAG Card 1 090 1.50 1.35
Mapping Camera 1 4.00 1.50 6.00
Mapping Camera 1 3.10 1.50 465
Sensor 1 1.60 1.50 2.40
Sensor Shielding 1 1.50 1.50 225
Mapping Camera Card |1 0.90 1.50 1.35

06 Orbiter Spacecraft 1 132468 1.32 1742.32
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Table 1.5. Orbiter Flight System WBS -Based PEL

Power Timeline

Power Off

Power On

Power Standby

This document has been reviewed and determined not to contain export controlled technical data

Number Power State Prototype Power State Prototype Power State Prototype
IALTE Power Power Power
Power Current Power Current Power Current
Contingency |Best Contingency |Best Contingency |Best
Estimate Estimate Estimate

00 Orbiter Flight System 1 1.20 0.00 1.30 0.00 1.30 0.00
05 Orbiter Payload 1 nia nia nia nfa n/a nia
LA 1 nia nia nia nia nfa nia

LA 1 130 0.00 1.30 15 130 0.00

LASensor 1 130 0.00 1.30 0.00 130 0.00
SnieldingLAsensm 1 nia nia nia nfa n/a nia

LACard 1 1.20 0.00 1.30 0.00 1.30 0.00

LAPCU Card 1 130 0.00 1.30 0.00 130 0.00
P 1 nia nia nia nia n/a nia

LP Card-1 1 130 0.00 1.30 0.00 130 0.00

LP Card-2 1 1.20 0.00 1.30 0.00 1.30 0.00

(| 1 1.20 0.00 1.30 1.15 1.30 0.00

LP Sensor 1 1.20 0.00 1.30 0.00 1.30 0.00
Smeldm;P Shnsod 1 nia nia nia nia nfa nia

LP-2 1 1.20 0.00 1.30 1.15 1.30 0.00

LP Sensor 1 1.20 0.00 1.30 0.00 1.30 0.00
ShleldmgLP Sensor 1 nia nia nia nia n/a nia
MAG 1 nia nia nia nia n/a nia

MAG 1 1.20 0.00 1.30 4 1.30 0.00

MAG Sensor 1 1.20 0.00 1.30 0.00 1.30 0.00
ShleldmgMAG TEIEET 1 nia nia nia nia n/a nia

MAG Card 1 1.30 0.00 1.30 0.00 130 0.00
Mapping Camera 1 nia nia nia nfa n/a nia

Mapping Camera 1 1.30 0.00 1.30 6.00 1.30 0.00

Sensor 1 1.20 0.00 1.30 0.00 130 0.00
Sensor Shielding |1 nia nia nia nia n/a nia

oy SRR g 1.30 0.00 1.30 0.00 1.30 0.00




MBSE Applications on Europa Clipper — with Key Benefits and Lessons

Application

Mass
Equipment
List (MEL)

Power
Equipment
List (PEL)

Power/Energy
Simulation

Architecture &
Requirements

Science
Traceability
and Alignment
Framework
(STAF)

Electrical
Systems
Engineering
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Description

SysML/Magid Draw capture and
rollup of component mass
Web-based reporting via OpenMBEE

Add Power states/demands to MEL
Provide static description to time-
based mission simulation
Web-based reporting via OpenMBEE

Multiple tools chained to provide
repeatable power demand, energy
production,& battery state of charge
profiles

SysML/MD and View Editor
(OpenMBEE) -based architecture
and requirement development tools

Framework for tracing science
measurement requirements to
project, spacecraft and science
instrument requirements
Excel-based

Eclipse/EMF-based authoring tool,
git for CM, Leveraging open-source
standards (OWL2-DL, SPARQL)

Key Benefits

2011-present Frequent snapshots
Fewer errors
Improved early trades

Enabled early CM
2012-present

Frequent snapshots

Fewer errors

Improved early trades

Enabled integrated simulations

2013-present

Partial
capability 2014;
Retired
unfinished in
2019

2016 - present

2019-present

Key Lessons

(+) Start small: modest, incremental objectives
(+) Produce familiar products with better methods
(+) Involve end user continuously

(+) Effective project/line collaboration is essential

(+) Leverage existing tools

(+) Include only the necessary data in the model
(-) SysML not ideal for tabular Ul

-) Integrate early with Electrical SE model

This document has been reviewed and determined not to contain export controlled technical data 7



Information about the system
behavior, characteristics and
parameters is collected.
Meetings with SMEs inform the
description process

MMPAT, Thermal Desktop, etc., run
key scenarios identified during the
reduced fidelity simulation phase.
Inputs might be produced from
low/mid fidelity tools

Assessment of relative trends of . S Turn around in weeks(s)
low/mid fidelity simulations aid Description ngh Fldellty
in the identification of problem Simulation Key decisions are made based
S it o on high-fidelty simulation Design Capture Model - Spacecraft Thermal
description and high fidelity results: Sizing of power syster, gn Cap Mo
simulation proof of design closure, reg.
verification

Relative Low/Mid

M Descriptive Model
Trendi Fideli Key " Behavior Model
rending Igelity W Low/Mid Fidelity Model
. ! Assessment
Assessment Simulation

B High-Fidelity Model

Low and medium fidelity models: reduced

T™S
= = = Script/Analysis

order dynamic models, algebraic models, e Figure 2. Primary models, interfaces and information flows
excel scenarios, steady-state power roll- Model ngh-ﬁdeh:y:;nszf;;on Y ry
ups, etc. are run to quickly assess the state ode dma»umuu e
eyt Reduction low-fidelity models.
Turn around in days(s)

Power/Energy Simulation

— e

=] R Hﬂﬁ-—ﬁu ;WM
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MBSE Applications on Europa Clipper — with Key Benefits and Lessons
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» SysML/Magid Draw capture and
rollup of component mass
Web-based reporting via OpenMBEE

Add Power states/demands to MEL
Provide static description to time-
based mission simulation
Web-based reporting via OpenMBEE

Multiple tools chained to provide
repeatable power demand, energy

production,& battery state of charge
profiles

SysML/MD and View Editor
(OpenMBEE) -based architecture
and requirement development tools

Framework for tracing science
measurement requirements to
project, spacecraft and science
instrument requirements
Excel-based

Eclipse/EMF-based authoring tool,
git for CM, Leveraging open-source
standards (OWL2-DL, SPARQL)

2011-present

2012-present

2013-present

Partial
capability 2014;
Retired
unfinished in
2019

2016 - present

2019-present

Frequent snapshots
Fewer errors
Improved early trades
Enabled early CM

Frequent snapshots

Fewer errors

Improved early trades

Enabled integrated simulations

Automatic transformation of PEL model resulted in
frequent reporting of power and energy resources
Early ability to size system using full mission simulation
Frequent snapshots

Static snapshots in PEL provide validation of time-
based simulation

(+) Start small: modest, incremental objectives
(+) Produce familiar products with better methods
(+) Involve end user continuously

(+) Effective project/line collaboration is essential

(+) Leverage existing tools

(+) Include only the necessary data in the model
(-) SysML not ideal for tabular Ul

-) Integrate early with Electrical SE model

(+) Share time-based profiles with subsystems
early on for detailed design

(+) Run frequently to detect issues early

(+) Validate against high-fidelity subsystem tools
(-) Earlier documentation would have helped
during leadership change

This document has been reviewed and determined not to contain export controlled technical data 9



Architecture and Requirements

July 28 2021

t+ Each View addresses either concepts or realizations.
Elements are either conceptual or realizational, and are

Description

Architecture

identifies 1..."

is important 10 0...*

Version 13

with Views

Scenarios, and Functions gain conceptual or realizational
status according to the Elements with which they associate.

appears in 1..."

is comprised of 1...*
can participate in 0...*

omposed of 0...

Properties,

is addressed by 1...*

Stakehold

addresses 1...*

is reflected in 1..."

is considered by 1...*

is considered by 1...*

Principle

considers 1...*

considers 1.."

Concern

is important to 1...*

Trade

View

supports 1...*

appeals to 1...*

(conceptual or

participates in 1..."

realizational)"

appears in 1...* prescribes 1...*
invokes 0..."
tppesrsint...” appears in1..." establishes methods for 1...*
Model
conforms to 0,1 utilizes 1..."
. constrains Viewpoint
Requirement - = <2 “® R
Applies
to each supports 1..."
Instance Function
establishes methods for 1..." Analvsis
fulfills 0...*
is considered in 1..."

R
specifies 0...*

is supported by 0...*

specifies 0..." Property

specifies 0..." is assigned to 1...°
participates in 0..." connects 2...* . .
P R E can be of ora for 0...*
belongs to 1 =~ k‘_ — = belongs to 1 involves 1..*
invokes 0..." considers 0...°
N participates in 1..." R is driven by 1..."
L] Scenario

determines the value of 1...*

realizes 1..." (concept +—

is assessed by 1..."

can relate
to0..”

results in1..*

Success
Criterion

®®

is expressed via 1...* |

This document has been reviewed and determined not to contain export controlled technical data
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MBSE Applications on Europa Clipper — with Key Benefits and Lessons

Mass
Equipment
List (MEL)

Power
Equipment
List (PEL)

Power/Energy
Simulation

Architecture &
Requirements

SysML/Magid Draw capture and
rollup of component mass
Web-based reporting via OpenMBEE

Add Power states/demands to MEL
Provide static description to time-
based mission simulation
Web-based reporting via OpenMBEE

Multiple tools chained to provide
repeatable power demand, energy
production,& battery state of charge
profiles

SysML/MD and View Editor
(OpenMBEE) -based architecture
and requirement development tools

2011-present

2012-present

2013-present

Partial
capability 2014;
Retired
unfinished in
2019

» Frequent snapshots

* Fewer errors
Improved early trades
Enabled early CM

Frequent snapshots

Fewer errors

Improved early trades

Enabled integrated simulations

Automatic transformation of PEL model resulted in
frequent reporting of power and energy resources
Early ability to size system using full mission simulation
Frequent snapshots

Static snapshots in PEL provide validation of time-
based simulation

Architecture Framework provided a useful mental model
adapted to JPL missions

Conceptual approach contributed to more complete
requirements

Produced reusable stakeholder descriptions

(+) Start small: modest, incremental objectives
(+) Produce familiar products with better methods
(+) Involve end user continuously

(+) Effective project/line collaboration is essential

(+) Leverage existing tools

(+) Include only the necessary data in the model
(-) SysML not ideal for tabular Ul

(-) Integrate early with Electrical SE model

(+) Share time-based profiles with subsystems
early on for detailed design

(+) Run frequently to detect issues early

(+) Validate against high-fidelity subsystem tools
(-) Earlier documentation would have helped
during leadership change

(-) Ambitious developments need risk management
(-) Training the full team to think differently is hard
(-) Tools and processes need to support end user
(-) Parallel developments impede failure analysis

Science
Traceability
and Alignment
Framework
(STAF)

Electrical
Systems
Engineering

July 28 2021

Framework for tracing science
measurement requirements to
project, spacecraft and science
instrument requirements
Excel-based

Eclipse/EMF-based authoring tool,
git for CM, Leveraging open-source
standards (OWL2-DL, SPARQL)

2016 - present

2019-present

This document has been reviewed and determined not to contain export controlled technical data 11



ce Requirements

Elements Description Flowdown

Mission
Objectives

Science Themes

Purzose of lhehMls;\on - — ; Customer
e.g. Characterize the surface at s25-m spatial scale, and measure topography at % &
<15-m vertical precision, across 250 globally distributed landforms Requirements (L1)

Breakdown of the L1 Requirements into Science Groupings

e.g. Landform Geology etc.

Different Ways to Address a Specific Theme . Seience
e.g. Morphology; Topography Requirements.

Science Traceability and Framework

(Capproaches |

o 2 Grouping of Observations/Data from a Specific Measurement Class
Science Datasets that Supports a Specific Theme

e.g. Landform Geology Visible Dataset; Landform Geology Radar Dataset

SOToHoe Unique Combination of Conditions and Techniques that Collect M"as_““’m“"‘
5 . Data to Support Science Requirements
Observations

e.g. VHF Sounding; Surface Color Monoscopic Images; etc.

Separable Systems with a Primary Purpose to Collect Science
: Instrument
Instruments Observations s
Specifications
e.g. Ice-Penetrating Radar, Narrow Angle Camera, Wide Angle Camera

M-STAF Domain P-STAF Domain

P-STAF Matrix Observation Types b : M-STAF Matrices

InstB e InstH
Approache Obs A 0bs 80bs C. G Obs | Obs ) [Obs K| Obs L Obs M Obs N Obs 0| Obs ? Instrument Name
JIGH( THEME 1 e | Ll | |- |- Instrument Name
THEME 2 A APPROACH B 1 [NE | -
a weROAHC |1 € € Instrument Name
RQ2 APPROACH D 1
0 THEME 3 2 APPROACHE - I I Science Dataset | Science Observation Measurement Requirements
O APPROACH F 2 E E E E Conditions | Measurement Quality
@) APPROACH G : | | | | E | | | | 3 | Science Theme Me: Technique Spatial Coverage andTemporal Coverage Diversity and Internal
oY RQ3 | THEME 4 | e 5 . | el - Cla CondA | Cond. | Distribution | andDistribution | SpecalCase | Correlations | quatA | quats | Qualc | Quald
T p—— oo | € &
of RQ: | T ‘ Lol [ Datasets Tech. A
T APPROACH K 12| o .
T T Color/Coding describe AND/OR
q THEME6 |1 —sem [ - g . Tech. B
e relationships and relative ScienceDaaset 1
RQS .
c per o strength of contributions Tech. €
5 THEME 7 APROAHG Tech. D | reacos
APPROACH R 2
RQ6| THEMES  [1| msorcus |1 ——
2 [ P | — Measurement Requirements are put on a grid of expected
O APPROACH U 2 i i
S b types to check for completeness and consistency
RQ7 | THEME 10 2| APPROACHV 18
APPROACHW | 1] BiE I I I - [ [ [ [ [ [ e
THEME 11 APPROACH X 2 I

July 28 2021 This document has been reviewed and determined not to contain export controlled technical data 12



MBSE Applications on Europa Clipper — with Key Benefits and Lessons
| Application | Description _______Jmuse  [keyBenefis___________ JKeylesons

Mass
Equipment
List (MEL)

Power
Equipment
List (PEL)

Power/Energy
Simulation

Architecture &
Requirements

Science
Traceability
and Alignment

Framework
(STAF)

Electrical
Systems
Engineering

July 28 2021

SysML/Magid Draw capture and
rollup of component mass
Web-based reporting via OpenMBEE

Add Power states/demands to MEL
Provide static description to time-
based mission simulation
Web-based reporting via OpenMBEE

Multiple tools chained to provide
repeatable power demand, energy
production,& battery state of charge
profiles

SysML/MD and View Editor
(OpenMBEE) -based architecture
and requirement development tools

Framework for tracing science
measurement requirements to
project, spacecraft and science
instrument requirements
Excel-based

Eclipse/EMF-based authoring tool,
git for CM, Leveraging open-source
standards (OWL2-DL, SPARQL)

2011-present

2012-present

2013-present

Partial
capability 2014;
Retired
unfinished in
2019

2016 - present

2019-present

Frequent snapshots
Fewer errors
Improved early trades
Enabled early CM

Frequent snapshots

Fewer errors

Improved early trades

Enabled integrated simulations

Automatic transformation of PEL model resulted in
frequent reporting of power and energy resources
Early ability to size system using full mission simulation
Frequent snapshots

Static snapshots in PEL provide validation of time-
based simulation

Architecture Framework provided a useful mental model
adapted to JPL missions

Conceptual approach contributed to more complete
requirements

Produced reusable stakeholder descriptions

Demonstrably complete and consistent requirements
across all instruments

Improved traceability of engineering requirements to
science requirements

Enabled analyses, trades and fault studies to determine
science return on different implementation options

(+) Start small: modest, incremental objectives
(+) Produce familiar products with better methods
(+) Involve end user continuously

(+) Effective project/line collaboration is essential

(+) Leverage existing tools

(+) Include only the necessary data in the model
(-) SysML not ideal for tabular Ul

(-) Integrate early with Electrical SE model

(+) Share time-based profiles with subsystems
early on for detailed design

(+) Run frequently to detect issues early

(+) Validate against high-fidelity subsystem tools
(-) Earlier documentation would have helped
during leadership change

(-) Ambitious developments need risk management
(-) Training the full team to think differently is hard
(-) Tools and processes need to support end user
(-) Parallel developments impede failure analysis
...more on slides 10-11

(+) Simple but well-conceived tools can enable
important conversations between engineers and
scientists

(+) Process of translating requirements to
mathematical constraints helped rgmts validation

This document has been reviewed and determined not to contain export controlled technical data 13



openCAESAR: Core elements
available as open source software

CAESAR Information Integration Platform | hity:/iswww.opencaesar.io/

INNCE

CAESAR integrated systems engineering
tool suite ecosystem

CAESAR

ﬁ Inge murr‘L| Ecosystem
APGen
0 BY e 4P PHOENIX acne -
=1 ﬂﬂﬂltj:::::r
& -

DOORS WG Magiclraw

b I...El.‘.'TS andtJlPLTooIs
Authoring 5= - I i
Tools * y l-_-HES‘:ER Rap'-;;tll nE

Server

CAESOR

Workbench

q_.l Analysis
Tool

_{ siapd epy joog H siand epy ooy
—| ToolAdapter H Tool Adaptar
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openCAESAR Enables Rigorous
Systems Engineering Practice

Modern systems are becoming more complex than ever before and

® &

@2}

Integration of
federated information
via semantic web
vocabularies

Describe the system architecture
using tool-neutral semantic
vocabulies, model kinds and
viewpoints and map them to
federated tool-specific counterparts

using adapter interfaces

this complexity will only increase. openCAESAR helps deal with this

complexity by providing an advanced platform, on which to define

and streamline a rigorous systems engineering methodology.

openCAESAR Has Multiple Value Propositions

Continuous

automated multi-
paradigm analysis via
CI/CD workflows

Improve the agility of your systems
engineering process by employing
DevOps techniques to automate the
analysis of your system description
using multiple paradigms like

ontological analysis and others.

This document has been reviewed and determined not to contain export controlled technical data
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Precise change
management via
provenance
metadata’

Establish a baseline for the
integrated system description,
manage change proposals using
variant configurations, and
calculate impact based on the

provenance of the changes
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» [2 FlightSystem.aird
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>4 Pair 2001-2004 (AM...
¥ 4~ Subsystem Pair 2001-2006 (AM...
» 4+ Subsystem Pair 2001-2007 (AM..
¥ 4 Subsystem Pair 2001-2009 (AM...
¥ <4 Subsystem Pair 2002-2002 (TE...
¥ 4~ Subsystem Pair 2002-2004 (TE...
» 4+ Subsystem Pair 2002-2006 (TE...
¥ 4 Subsystem Pair 2002-2102 (TE...
¥ <4 Subsystem Pair 2004-2004 (PW...
¥ 4 Subsystem Pair 2004-2005 (PW...
b 4+ Subsystem Pair 2004-2006 (PW...
¥ <4 Subsystem Pair 2004-2007 (PW...
P <4~ Subsystem Pair 2004-2008 (PW...
¥ 4~ Subsystem Pair 2004-2009 (PW...
¥ 4 Subsystem Pair 2004-2011 (PW...
¥ < Subsystem Pair 2004-2012 (PW...
¥ 4 Subsystem Pair 2004-2013 (PW...

< Function 004-013-009

% Function 004-013-010

< Function 004-013-001

< Function 004-013-006
< Function 004-013-007
< Function 004-013-008
< Function 004-013-002
< Function 004-013-003
< Function 004-013-004
“ Function 004-013-005

P <4 Subsystem Pair 2004-2021 (PW...

¥ 4~ Subsystem Pair 2004-2024 (PW..

¥ 4 Subsystem Pair 2004-2023 (PW...
< Function 004-029-001

Function Number

004-013-009
004-013-010
004-013-001
004-013-006
004-013-007
004-013-008
004-013-002
004-013-003
004-013-004
004-013-005

004-029-001

Function Name

2001-2004 (AMSTRU-PWR)
2001-2006 (AMSTRU-CDH)
2001-2007 (AMSTRU-GNC)
2001-2009 (AMSTRU-AMHARN)
2002-2002 (TEL-TEL)
2002-2004 (TEL-PWR)
2002-2006 (TEL-CDH)
2002-2102 (TEL-TELGSE)
2004-2004 (PWR-PWR)
2004-2005 (PWR-SCDEV)
2004-2006 (PWR-CDH)
2004-2007 (PWR-GNC)
2004-2008 (PWR-RADMON)
2004-2008 (PWR-AMHARN)
2004-2011 (PWR-THERM)
2004-2012 (PWR-MB)
2004-2013 (PWR-ECM)

SW PWR PSS TO ECM CAN OP HTR A
SW PWR PSS TO ECM CAN OPF HTR B

SW PWR PSS TO ECM EU

SW PWR PSS TO ECMRM 1 OP HTR

SWPWR PSS TO ECM RM 3 OP HTR
SW PWR PSS TO FGS-1 NONOP HTR
SW PWR PSS TO FGS-2 NONOP HTR
SW PWR PSS TO FGS-3 NONOP HTR
SW PWR PSS TO FGS-4 NONOP HTR

2004-2021 (PWR-PMSTRU)
2004-2024 (PWR-PME)
2004-2029 (PWR-PMHARN)

UMB LV/SC SEP CONN J1 BW TO SCLSB-x PTH LV

Subsystem 1 Assembly 1 Flow

2001

2001 2006
2001 2007
2001 2009
2002 2002
2002 2004
2002 2006
2002 2102
2004 2004
2004 2005
2004 2006
2004 2007
2004 2008
2004 2009
2004 21m
2004 2012
2004 2013
2004 PSS-6 > 2013
2004 PSS-4 > 2013
2004 PSs-4 > 2013
2004 PSS-6 > 2013
2004 PSSS >
2004 PSS-6 > 2013
2004 PSS-4 > 2013
2004 PSS-4 > 2013
2004 PSS-4 > 2013
2004 PSS-4 > 2013
2004 2021
2004 2024
2004 2029
2004 SCLSB-x < 2029

Subsystem 2 Assembly 2

)
HECMRM1

HECMRM3
HFGS1-1
HFGS2-1

HFGS C -

HFGE

Sub-!

Electrical Harness
Specification

R

ng Perssectne

V Reports

Select a report ta view

PMHZ

| Tasks [ Problems |["] Properties £2 | ;%; Git Staging (5 History

# Function 004-013-007
]

(Z) |SWPWR PSS TO ECMRM 2 OP HTR

(@ 2bed27b0-e475-11e9-860c-510e59817695

@ @ Proposed

Function Ends
TR Name
Annotations
Power View D
View Specializes
oM State
Function Serial Number () |7

rectionalPower2A

") Baseline ") Deprecated

7) Retracted

Heb Laogedinas Davd A W

EE

o Technical Resource Margins

Data Products

Flight System Block Diagram

Dynamic FSBD presented in SIFT
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° Technical Resource Mappings

Function and Resource Mapping List
(FRML)
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MBSE Applications on Europa Clipper — with Key Benefits and Lessons
| Application | Description _______Jmuse  [keyBenefis___________ JKeylesons
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Electrical
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» SysML/Magid Draw capture and
rollup of component mass
» Web-based reporting via OpenMBEE

» Add Power states/demands to MEL

» Provide static description to time-
based mission simulation

» Web-based reporting via OpenMBEE

Multiple tools chained to provide
repeatable power demand, energy
production,& battery state of charge
profiles

* SysML/MD and View Editor
(OpenMBEE) -based architecture
and requirement development tools

« Framework for tracing science
measurement requirements to
project, spacecraft and science
instrument requirements
Excel-based

Eclipse/EMF-based authoring tool,
git for CM, Leveraging open-source
standards (OWL2-DL, SPARQL)

2011-present

2012-present

2013-present

Partial
capability 2014;
Retired
unfinished in
2019

2016 - present

2019-present

Frequent snapshots
Fewer errors
Improved early trades
Enabled early CM

Frequent snapshots

Fewer errors

Improved early trades

Enabled integrated simulations

Automatic transformation of PEL model resulted in
frequent reporting of power and energy resources
Early ability to size system using full mission simulation
Frequent snapshots

Static snapshots in PEL provide validation of time-
based simulation

Architecture Framework provided a useful mental model
adapted to JPL missions

Conceptual approach contributed to more complete
requirements

Produced reusable stakeholder descriptions

Demonstrably complete and consistent requirements
across all instruments

Improved traceability of engineering requirements to
science requirements

Enabled analyses, trades and fault studies to determine
science return on different implementation options

Correct-by-construction authoring, strong validation
Integration to L4 design wi/validation
95% mission-independent implementation

Reduce manual steps in harness spec & design
Enable SE to specify requirements not design

(+) Start small: modest, incremental objectives
(+) Produce familiar products with better methods
(+) Involve end user continuously

(+) Effective project/line collaboration is essential

(+) Leverage existing tools

(+) Include only the necessary data in the model
(-) SysML not ideal for tabular Ul

(-) Integrate early with Electrical SE model

(+) Share time-based profiles with subsystems
early on for detailed design

(+) Run frequently to detect issues early

(+) Validate against high-fidelity subsystem tools
(-) Earlier documentation would have helped
during leadership change

(-) Ambitious developments need risk management
(-) Training the full team to think differently is hard
(-) Tools and processes need to support end user
(-) Parallel developments impede failure analysis
...more on slides 10-11

(+) Simple but well-conceived tools can enable
important conversations between engineers and
scientists

(+) Process of translating requirements to
mathematical constraints helped rgmts validation

(+) Continuous integration of SE products is
possible

(+) Familiar user interfaces lower barrier to entry
(+/-) Rigorous approach highlights just how much
of current ad-hoc processes need standardizing
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What’s Next?

« Europa Clipper, in partnership with IMCE, has provided a rich opportunity for innovation and learning.

* Not surprisingly, the results so far serve to remind us that
» Change is difficult and seldom straightforward.
*  Progress requires patience and steadfast commitment
- We are incorporating the lessons into our approach for the next ten years, with a new set of projects as proving grounds

«  We continue to build for the future — laying a solid foundation and exploring new methods that benefit NASA’'s mission and
the aerospace industry as a whole
+  System architecting and design synthesis are two areas which deserve more focus - key to providing innovative & effective solutions

« JPL is particularly focused on architecture-centric design approaches; completeness, stability and validity of system requirements;
and thorough, systematic behavior analysis

* Increased use of Human-System Interaction (HSI) techniques is helping build more utility and usability into new tools and processes.
«  We are formally adopting a strategy of incrementally building capabilities over multiple project lifecycles - incremental improvements
on one project that can be leveraged and grown on the next
+  We are developing an architecture to enable information exchange by engineering teams — based on analysis of user needs & wants
*  We continue to invest in a mix of custom and COTS tooling to support these processes and methods
* We endeavor to use COTS where possible, to leverage others’ investments

* We will continue to push the SE envelope and learn our lessons along the way...
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Power/Energy Simulation

Features

 Transforms SysML PEL model to automatically generate a device load model,
including available power states and power consumptions of each state

» Uses a detailed component and subsystem schedule with variable resolution to
describe transient and steady-state mission scenarios

* Ability to switch between low- and medium-fidelity models for components
» Automated generation of figures and key metrics

 Coupling of high-fidelity tools and mid-fidelity tools for quicker simulations ( >
5x speed increase < 1% increase in modeling error)

« Static snapshots in PEL provide validation of time-based simulation
» Easy to manipulate the code to simulate off-nominal conditions

« Ability to run parts of the model independently for quick subsystem or
instrument impact assessments

Implementation
* Implemented in the Modelica language using Wolfram System Modeler

* Detailed Solar Array shadowing STK model used to generate a lookup table at
any given spacecraft vs sun attitude

Detailed Solar Array radiation damage STK model used to generate time-
based lookup table for any mission trajectory

Ingestion of detailed 5-dimensional (radiation, temperature, flux, current,
voltage) hypercube of solar cell data from component testing

Ingestion of 4-dimensional (temperature, charge, current, voltage) battery cell
data from component testing

Simplified models for replacement heater block and heaters
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Benefits

Web interface for results, behaviors and PEL increased team
engagement with technical resources

Enabled quick resolution of trade-studies

Project-owned power simulation toolchain allows independent
validation of subsystem assessments and system level
concerns

Frequent reporting increased visibility into health of the system,
as well as triggered early margin recovery exercises

Potential reusability of modeling components in other projects

Challenges

Maintaining code base consistent with behavior tool, PEL and
subsystem descriptions

Obtaining sufficient subsystem test data as the power system
architecture evolved

Modelica as a language is not widely adopted in space
applications. Community is not as large as with other languages
such as Simulink, matlab, python, etc.

Free Modelica tools are not fully compliant with the specification,
our model requires a commercial license from Wolfram

Lack of documentation created difficulty during leadership change
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Architecture & Requirements

Features (as envisioned)

* Environment to enable users to collaborate on architecture definition
and requirements development — model-centric, as opposed to
document-centric

 Database integrating all key elements of architecture description:
stakeholders, concerns, scenarios, functions, elements, interfaces,
requirements, trades, analyses, models, etc.

* Architecture Framework (AF) adapted/tailored from standards (esp.
ISO 42010) and successful prior JPL practice for JPL

» Machine-computable ability to generate text-based requirements from
mathematical constraints

* Ability to reconcile requirements taking into account multiple logical
decompositions and physical limitations.

* Integration with other IMCE implementations

Implementation

Benefits

» Good description of stakeholders and concerns

* Better capture of full requirement rationale in narrative documents
» Automated checking and reporting of requirements characteristics
* Cross-referencing of information to authoritative source

Challenges

» Ambitious approach involved developing methodology, tooling and training
in parallel.

* Successful implementation required the entire engineering and
management team to be retrained to think in AF terms — this proved to be
impractical

* Incomplete tooling and training left users without the means to do the
complete architecture definition, including especially requirements

—Requirements were developed using hybrid of new/traditional

« Early version (Architecture Framework Tool) implemented in Django
* Operational version implementation in MagicDraw (SysML), using View
Editor (OpenMBEE) for document generation.
- used for Project and System-level architecture and
requirements only
- additional custom query/reporting tool developed to get
around View Editor search and query limitations
- content synchronized with DOORS NG repository

approaches. In the end they were late and were found to have significant
issues with flowdown and leveling.
—ViewEditor editing/synchronization capability was not mature or scalable.
» Understanding causes for the failures was difficult due to the highly
convolved development
* When a new leadership team came onboard they found the partial
implementation too impractical to use and ended up reverting to traditional
tools, terminology and methods
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Electrical Harness Specification Feature

Benefits

Features

Capture system functional composition
*  Assemblies, subsystems, work packages

Specify abstract electrical interfaces and required interface-
to-interface interconnectivity

Automated validation and generation of web reports and
documents

Integration with TLM/CMD specification data
Transformation to a form ingestable by ECAD design tool
Round-trip design compliance validation

Implementation

July 28 2021

Authoring tool adapts CAESAR workbench by defining
vocabulary and discipline views

Scripted transformations, analysis, reporting automated to run
CAESAR engine

Integrates with Siemens Capital ECAD and other JPL-specific
databases

Continuous integration workflow to merge and validate data
and produce downstream products

Significant improvement in consistency and completeness of
specifications as tooling prevents some user mistakes, and
reveals others to users

Users are able to focus on electrical design

Project-independent vocabulary and analysis promotes reuse
and consistent application

Re-usability at multiple levels: platform, tools, and process
Familiar user interfaces (e.g., tables) lower barrier to entry

Challenges

Discovered many gaps and inconsistencies in traditional
process along the way that are now resolved in consistent
vocabulary and tooling

Difficult to eliminate all project-specific concerns

Strong dependencies on interface data maintained (and CM’d)
in documents continues to require manual transcription (e.g.,
document-based ICDs)
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CAESAR Information Integration Platform

Features Benefits

+  CAESAR defines an architecture and toolkit for federating + Federation approach enables strong configuration and process
model data from authoring tools for integration, analysis, and control not possible if data sources are dynamically
transformation to other forms and reports “synchronized”

» Formal vocabularies enable meaningful transformation,
integration, and cross-analysis of information from multiple
sources

+ Easier to build model-based tool on top of model-based
infrastructure than from scratch

Implementation Challenges

. Eclipse/EMF-based authoring tool can be adapted to discipline . Getting vocabularies right can be tedious (but you end up
vocabulary and views (Electrical SE is the first application built having to do this anyway if you need to integrate information)
with CAESAR) . Not all tools have interfaces that make information accessible

. Uses git for model data CM (COTS) to external automation

. Leverages open-source standards (OWL2-DL, SPARQL) for . Finding funding to sustain consistent process and tooling at
info representation and access JPL (we can use investment to get started but then what?

. Cloud automation and deployment via Kubernetes Projects only want to pay for what they use)

. Some parts open sourced at http://opencaesar.io
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